Context. In recent years multi-wavelength observations have shown the presence of substructures related to merging events in a high fraction of galaxy clusters. Clusters can be roughly grouped into two categories -relaxed and non-relaxed -and a proper characterisation of the dynamical state of these systems is of crucial importance both for astrophysical and cosmological studies. Aims. In this paper we investigate the use of a number of morphological parameters (Gini, M 20 , Concentration, Asymmetry, Smoothness, Ellipticity and Gini of the second order moment, G M ) introduced to automatically classify clusters as relaxed or dynamically disturbed systems. Methods. We apply our method to a sample of clusters at different redshifts extracted from the Chandra archive and we investigate possible correlations between morphological parameters and other X-ray gas properties. We conclude that a combination of the adopted parameters is a very useful tool to properly characterise the X-ray cluster morphology. Results. According to our results three parameters -Gini, M 20 and Concentration -are very promising for identifying cluster mergers. The Gini coefficient is a particularly powerful tool, especially at high redshift, being independent from the choice of the position of the cluster centre. We find that high Gini (> 0.65), high Concentration (> 1.55) and low M 20 (< -2.0) values are associated with relaxed clusters, while low Gini (< 0.4), low Concentration (< 1.0) and high M 20 (> -1.4) characterise dynamically perturbed systems. We also estimate the X-ray cluster morphological parameters in the case of radio loud clusters. In excellent agreement with previous analyses we confirm that diffuse intracluster radio sources are associated with major mergers.
Introduction
It is now well proven that massive galaxy clusters form and evolve at the intersection of cosmic web filaments through merging and accretion of smaller mass systems (e.g. Maurogordato et al. 2011 , and references therein). Huge gravitational energy is released during cluster collisions (≈ 10 64 ergs) and several billion years are required for the cluster to reestablish a situation of (quasi-)equilibrium after a major merger episode.
Both observations and numerical simulations have shown that merging events deeply affect the properties of the different cluster components (e.g. Ferrari et al. 2008 , and references therein). Multiple merger episodes could for instance be responsible for disturbing the dynamically relaxed cores of the X-ray emitting hot intracluster medium (ICM, e.g. Burns et al. 2008) , as well as the ICM density, temperature and metallicity distribution (e.g. Kapferer et al. 2006 ). In addition, it is well known that a disturbed X-ray morphology is typical of dynamically perturbed galaxy clusters (Kapferer et al. 2006 , and references therein). The presence of substructures, a highly elliptical cluster X-ray morphology or an X-ray centroid variation are typical fea-⋆ E-mail:viral@rri.res.in tures that suggests that a cluster is not virialized. This has important implications both for using clusters as tools for cosmology, and for studying the complex gravitational and non-gravitational processes acting during large-scale structure formation and evolution, since in both cases we need to know if observed clusters are relaxed or not.
Joint X-ray and optical studies can provide detailed information about the dynamical state of a cluster (e.g. Ferrari et al. 2006 ), but they are extremely time demanding from the observational and analysis point of view. For statistical studies of large cluster samples we need to identify robust indicators that can somehow quantify the cluster dynamical state. Since the morphology of clusters is deeply related to their evolutionary history, different morphological estimators have been proposed. Jones & Forman (1992) classified galaxy clusters observed by the Einstein X-ray satellite into six morphological classes which include single, elliptical, offset center, primary with small secondary, bimodal and complex. Several studies have tried to quantify the fraction of dynamically disturbed clusters from morphological analyses. Jones & Forman (1999) showed that around 30% of clusters observed with the Einstein satellite contain substructure. More recently Schuecker (2005) have noticed in ROSAT observations that ∼ 50% of clusters have substructure.
With high resolution telescopes such as Chandra and XMM, it has become easier to identify subclusters, bimodality and X-ray centroid shifts in clusters. However some mergers are too complex to be identified only from X-ray morphological analysis and, particularly in the case of high redshift clusters, some special techniques and statistics are required, which can provide a more quantitative and robust measure of the degree of the cluster disturbance.
Various techniques have been suggested to provide a more quantitative and qualitative measure of the degree of the cluster disturbance: Power ratios (Buote & Tsai 1995b; Jeltema et al. 2005; Böhringer et al. 2010 ) and the emission centroid shift (Mohr et al. 1993; Böhringer et al. 2010 ) are most commonly used to classify X-ray galaxy clusters from the morphological point of view. Recently, Andrade-Santos et al. (2012) have used a residual flux method; in order to calculate the substructure level in a given X-ray galaxy cluster, they take into account the ratio between number of counts on the residual (which they obtain by the subtraction of a surface brightness model from the original X-ray image) and on the original cluster images. Weißmann et al. (2012) proposed to use the maximum of the third order power ratios calculated in annuli of fixed width and constantly increasing radius to measure the degree of substructure. Rasia et al. (2012) have used six different morphology parameters namely, asymmetry, fluctuation of the X-ray brightness (smoothness), hardness ratios, concentration, the centroid-shift method and third order power ratio to characterise simulated clusters. They took hydrodynamical simulation of 60 clusters and passed it through a Chandra telescope simulator with uniform exposure time (100 ks) for all clusters. Out of all of these parameters they found that only the asymmetry and concentration parameters could straightforwardly and clearly separate relaxed and non-relaxed systems. The smoothness parameter is affected by the choice of radii and smoothing kernel size. The centroid-shift parameter also works reasonably well and leaves only a few overlapping relaxed and non-relaxed clusters. The third order power ratio technique also depends on the choice of radius and is limited to only detecting substructure near to the cluster center. More recently Nurgaliev et al. (2013) have used photon asymmetry and central Concentration parameters to quantify morphology of high-z clusters which suffer from low photon counts.
In this paper, we investigate seven morphology parameters, typically used for galaxy classification, to study X-ray galaxy cluster morphology and we motivate which parameters are the optimal for identifying substructure or characterising dynamical states. The combination of morphology parameters has been successfully used to classify different galaxy morphologies (Zamojski et al. 2007; Scarlata et al. 2007; Holwerda et al. 2011a ) and we want to investigate their usefulness in galaxy cluster classification. Our focus is not limited to separating galaxy clusters into relaxed and non-relaxed categories, but to study correlations between X-ray gas properties and morphology parameters, as well as the evolution of morphological properties of galaxy clusters from the high redshift universe to present.
We explore the usefulness of the non-parametric morphology parameters on a subset of the ROSAT 400 deg 2 cluster sample observed by the Chandra X-ray telescope (Vikhlinin et al. 2009, hereafter V09) . We choose this sample because it has good quality X-ray data and also a broad distribution of redshifts. There are in total 85 (49 low-z (0.02-0.3) and 36 high-z (0.3-0.8)) galaxy clusters in our analysis. In addition, V09 has measured global properties of the galaxy clusters (such as luminosity, temperature, mass, etc.) which we use to compare with our measured morphology parameters.
As a test case, in this paper, we study the dynamical activity of clusters hosting diffuse radio sources (radio halos), in particular we focus our attention on clusters taken from Giovannini et al. (2009) . Current results suggest a strong link between the presence of diffuse intracluster radio emission and cluster mergers (Ferrari et al. 2008; Feretti et al. 2012, and references therein) . Similar to what was done by Cassano et al. (2010b) , but using our set of X-ray morphological parameters, in this paper we analyze the X-ray morphology of relaxed clusters and non-relaxed clusters (which includes both radio quiet and radio loud mergers).
This paper is organized as follows. § 2 gives a brief introduction to the morphology parameters. § 3 gives the sample selection and X-ray data reduction. In § 4, we present our results. § 5 shows the systematic and possible bias on morphology parameters. In § 6, we compare our parameter measures with available cluster global properties. Finally, § 7 will give our discussions and conclusions. We assumed H 0 =73 km s −1 Mpc −1 Ω M =0.3 and Ω Λ =0.7 throughout the paper, unless stated otherwise.
Introduction of morphology parameters
The non-parametric morphology parameters (Gini, M 20 , Concentration, Asymmetry, Smoothness, Ellipticity and Gini of the second order moment) are widely used to automatically separate galaxies of different Hubble types. As an example, they are used for galaxy morphology classification in the analysis of the HST and SDSS galaxy surveys (Abraham et al. 2003; Conselice 2003; Lotz et al. 2004; Zamojski et al. 2007; Holwerda et al. 2011a; Wang et al. 2012) . Abraham et al. (2003) , Lotz et al. (2004) and Wang et al. (2012) also revealed the inter-relation between Gini, Concentration and M 20 , as well as the possible inter-change between the Concentration and Gini parameter for high-z galaxies. This encouraged us to investigate these parameters in more detail in order to characterise the dynamical state of galaxy clusters, particularly at high-z. In this paper we adopt the definition of Concentration, Asymmetry and Smoothness from Conselice (2003) , and of the Gini coefficient and M 20 from Lotz et al. (2004) . Gini of the second order moment was defined by Holwerda et al. (2011b) . The required input parameters for computing the morphological indicators (except the Gini parameter) are the central position (x c , y c ) of the galaxy clusters, as well as a fixed aperture size or area over which these morphology parameters are measured.
We calculate the center position by first assigning initial coordinates based on visual observation of each cluster image and then allow the flux weighted coordinates to iterate in a fixed aperture size of e.g. 500 kpc until they have converged. The centre coordinates are then the unique point at the center of the distribution of flux, essentially the light distribution equivalent to the "centre of mass".
Gini coefficient and Gini of the second order moment (G M )
The Gini parameter is widely used in the field of economics, where it originated as the Lorenz curve (Lorenz 1905) . It describes the inequality of wealth in a population. Here we use it as a calculation of flux distribution in a cluster image. If the total flux is equally distributed among the pixels, then the Gini value
Article number, page 2 of 31 Viral Parekh et al.: Morphology parameters: substructure identification in X-ray galaxy clusters is equal to 0 (there is constant flux across the pixels regardless of whether those pixels are in the projected centre or not); but if the total flux is unevenly distributed and belongs to only a small number of pixels, then the Gini value is equal to 1. We adopt the following definition from Lotz et al. (2004) :
where K i is the pixel value in the i th pixel of a given image, n is the total number of pixels in the image, andK is the mean pixel value of the image.
We also apply a Gini value to the second order moment of each pixel, defining Gini of the second order moment as:
where F i is the second order moment of each pixel:
where (x, y) is the pixel position with flux value K i in the cluster image; and (x c , y c ) is the coordinate of the cluster centre.
Moment of light, M 20
Lotz et al. (2004) define the total second order moment F tot as the flux in each pixel K i multiplied by the squared distance to the centre of the source, summed over all the selected pixels:
where (x c , y c ) is the centre of the cluster.
The second order moment can be used to trace various properties of galaxy clusters, such as the spatial distribution of multiple bright cores, substructure or mergers. M 20 is defined as the normalised second order moment of the relative contribution of the brightest 20% of the pixels. To compute M 20 , we rank-order the image pixels by flux, calculate F i over the brightest pixels until their sum equals 20% of the total selected cluster flux, and then normalise by F tot :
where K tot is the total flux of the cluster image (image pixels are selected from the segmentation map 1 ), and K i is the flux value for each pixel i (where K 1 = the brightest pixel, K 2 = the second brightest pixel, etc).
Concentration, Asymmetry and Smoothness (CAS)
Concentration, Asymmetry and Smoothness parameters are commonly known as CAS.
Concentration is defined by Bershady et al. (2000) and Conselice (2003) as:
1 A map which defines the chosen circular aperture size with all pixels fixed to a value of 1.
where r 80 and r 20 represent the radius within which 80% and 20% of the flux reside, respectively. Concentration is widely used in the classification of cool core, especially among distant clusters. Santos et al. (2008) define the surface brightness concentration parameter for finding cool core clusters at high redshift as,
where C r (r < 40 kpc) and C r (r < 400 kpc) are the integrated surface brightness within 40 kpc and 400 kpc, respectively. Instead of physical radii, we used the percentages of total flux within a given aperture size. This has an advantage (atleast in low-z clusters) in that the flux is independent of angular bin size and galaxy cluster redshift. Our sample covers the redshift range 0.02 < z < 0.9. This means that, by adopting a pixel size of 2 ′′ , 250 kpc correspond to a pixel range from ∼16 to ∼225. In order to avoid this large deviation in pixel spread, it is best to use various percentages of the total flux of the galaxy clusters. For the inner radii we use 20%-50%, and for the outer radii we used 80%-90% of the total flux. For example, we use the C 5080 Concentration parameter which means 50% of the flux within the inner radii and 80% within the outer radii.
The Asymmetry value, which will give rotational symmetry around the cluster centre, is calculated when a cluster image is rotated by 180
• around its centre (x c , y c ) and is then subtracted from its original image.
where K(i, j) is the value of the pixel at the image position i, j, and K 180 (i, j) is the value of the pixel in the cluster's image rotated by 180
• around its centre. The Asymmetry value is sensitive to any region of the cluster that is responsible for asymmetric flux distribution. Hence, if the substructure affects the flux distribution at any scale, we can pick it up from the Asymmetry value for that galaxy cluster.
The Smoothness parameter can be used to identify patchy flux distribution expected in non-relaxed clusters. By smoothing a cluster image with a filter of width σ, high frequency structures can be removed from the image. At this point the original image is subtracted from this newly smoothed, lower resolution image. The effect is to produce a residual map that has only highfrequency components of the galaxy cluster's flux distribution. The flux of this residual image is then summed and divided by the total flux of the original cluster image in order to find its smoothness value,
where K s (i, j) is the pixel in a smoothed image. Here we choose a Gaussian smoothing kernel of σ = 12 ′′ as an arbitrary scale to smooth the cluster image.
Ellipticity
Ellipticity is commonly defined by the ratio between a semimajor axis (A) and a semi-minor axis (B) as
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where
Here (x i , y i ) is the (x, y) coordinate of the image of a pixel i of value K i inside an area S .
Uncertainty estimation
There are three sources of uncertainty in the calculation of the morphology parameters. These are: (1) shot noise in the image pixel values, (2) uncertainties in the centre of the cluster, and (3) variation in the area over which morphology parameters are calculated. The first two uncertainties can be approximated using a number of iterations of the Monte Carlo method. For estimating the third uncertainty, we used a jackknifing technique.
The shot noise effect can be approximated by replacing each pixel value with a Poisson random variable of the mean value of each pixel for the given image, and recalculating the parameters a number of times. After a set number of iterations (in our case 10), the rms of the spread in parameter values is an approximation of uncertainty in the parameters.
Resultant uncertainty from variation of the central position of a cluster is computed by deviating the input (x c , y c ) coordinate within a fixed Gaussian width (∼ 30 ′′ in our case). We then recalculate the parameters for several (x c , y c ) value. After a number of iterations (10) (Holwerda et al. 2011c) , we compute the rms of the spread in parameter values as an approximate value of the uncertainty in the parameters.
The Gini coefficient is less sensitive to the shot noise than to changes in area, as the pixels are ordered first and do not depend on the adopted central position of the cluster in any way. We estimated its uncertainty from a shot noise, and the rms in Gini values from a series of subsets of the pixels in the image (by allowing the pixels to be varied using Poisson statistics for a given area). This is known as jackknife error estimation. Yitzhaki (1991) suggested the use of the jackknife approach to estimate an uncertainty in the Gini coefficient. The jackknife and shot noise uncertainty estimates in the Gini coefficient are of similar order.
We used an error propagation formula to combined the shot noise and central position uncertainties for all parameters except the Gini coefficient. For the Gini coefficient, we combined the uncertainties from the shot noise and the jackknife estimation. Hence, in this work, all reported uncertainties are a combination of those mentioned above.
Sample selection and data reduction
3.1. Chandra sample For our analysis, we required high quality data, particularly for high-z clusters. Burenin et al. (2007) compiled a 400 deg 2 galaxy cluster catalogue based on the ROSAT PSPC survey. They detected a large number of extended X-ray sources with f > 1.4×10 −13 erg s −1 cm −2 in the soft (0.5-2 keV) band. They compared all their detections with their optical counterparts, and confirmed 266 out of 283 as galaxy clusters. From this catalogue, a subsample of the low (0.02-0.3)-z and high (0.3-0.9)-z galaxy clusters has been observed with the Chandra X-ray telescope (V09). Fig. 1a shows the distribution of redshift, while Fig. 1b shows the luminosity distribution. In this plot, median z = 0.0853 and median luminosity = 1.8×10 44 (erg/s) (0.5-2 keV). Tables 1  and 2 list the low-and high-z samples of galaxy clusters, respectively. We normalised H dependent quantities (e.g. L X and mass) with H 0 =73 km s −1 Mpc −1 . Properties of each cluster provided by the V09 are useful in comparison with their X-ray morphology. The total X-ray luminosity is calculated over the 0.5-2 keV band from accurate Chandra flux. The average temperature is measured from the spectrum integrated over a [0.15-1]R 500 2 annulus. In agreement with V09, we used the 'cuspiness' parameter defined by Vikhlinin et al. (2007) to discriminate between cooling flow (relaxed) and non-cooling flow (unrelaxed) clusters. Based on this classification, we used 49 (34 relaxed + 15 non-relaxed) low-z clusters and 36 (12 relaxed + 24 non-relaxed) high-z clusters.
There are three high-z and two low-z clusters that have multiple components in their images: -There are two subclumps visible in the high redshift 1701+6414 cluster. We used the North clump in our calculation. The other clump (in the S-W) is a foreground low-z X-ray cluster, confirmed by the NED database. -In the case of the high redshift system 1641+4001, there is a small clump (foreground galaxy) in the S-W, which we excluded from our analysis. -Double components are visible in the 0328-2140 system.
One is in the East and the other in the West, the latter being a low redshift interloper. We used the high redshift East cluster. -In A85, we focused on only the main North relaxed cluster, excluding the small southern clump (Kempner et al. 2002 ). -In A1644 we excluded the small North component, and focused on the main larger southern cluster only (Johnson et al. 2010; Reiprich et al. 2004 ). 
Chandra data reduction and image preparation
In our sample, each cluster had at least 1500-2000 photons (V09), which ensured good S/N. We visually checked all these clusters, and verified that there was no cluster peak emission or centroid too close to the CCD edges. There are still a number of cases where cluster emission falls within CCD gaps and this can potential influence our results. We divided the counts image by the corresponding exposure map and applied light smoothing (as mentioned below) so as to minimise the effects of CCD gaps. This inspection revealed that the relaxed cluster A2634 (Obs-Id 4816, ACIS-S) alone had low total counts. It was therefore excluded from our sample and now we have total of 84 clusters in sample.
We processed all Chandra archival data with CIAO version 4.3 and CALDB version 4.4.6. We first used the chandra_repro task to reprocess all ACIS imaging data. This script creates a new second level event file as well as a bad pixel file by reading the data from the standard Chandra data distribution. After reprocessing, we removed any high background flares (3σ clipping) with the task lc_sigma_clip routine and then attached the good time interval (GTI) file to the events. All of our event files included the 0.3-7 keV broad energy band. We binned each event file with ∼ 2" pixels. We detected point sources in observation using the wavdetect task 3 with scale = 1, 2, 4, 8 and 16, which would be a reasonable default for Chandra data. This scale parameter refers the wavelet radii in image pixels. Then a wavelet transform is performed for each scale in the given radii list to estimate source properties. We also supplied information on the size of the PSF at each pixel in the image using energy value of 1.49. We then selected elliptical background annuli (twice the point source detected region) around each detected point source. Then we removed the point sources using the dmfilth task 4 , which replaces pixel values in selected source regions of an image with values interpolated from the surrounding background region. We used the POIS-SON interpolation method, which randomly samples values in the selected source regions from the Poisson distribution, whose mean is that of the pixel values in the background region. We took care not to remove point source which was detected close to the cluster centre, because in most cases, this point source was simply the peak of the surface brightness distribution rather 3 http://cxc.harvard.edu/ciao4.3/threads/wavdetect/ 4 http://cxc.harvard.edu/ciao4.3/threads/diffuse emission/ than an actual X-ray point source. We also aimed to study the effect of cluster surrounded point sources on parameters, hence we calculated morphology parameters for both images, i.e. the one with all point sources, the other without point sources (except central point source). For creating the exposure map we used the fluximage task 5 with broad band energy (0.3-7 keV), then divided the counts image by the exposure map to remove the CCD gaps, vignetting, and telescope effects. This task generates the aspect histogram, instrument and exposure maps, automatically. We also used the dmimgthresh task to perform a 5% total counts cut to enable uniform exposure everywhere in the image. Two or more of the available multiple observations were combined to make a single image. Finally we smoothed the cluster images with a σ = 10" Gaussian width. Smoothing is very important in calculating the Gini coefficient, because there will be zero count pixels in the unsmoothed count image, which will not contribute to the flux distribution calculation and will change the Gini value greatly. For calculating the Smoothness parameter, we initially used unsmoothed cluster images.
Because of limited FOV of Chandra, in the study of nearby clusters, we decided to use a fixed circular aperture size over which morphology parameters are calculated for individual clusters (200 kpc for z < 0.05 and 500 kpc for z > 0.05) with sufficient area, and to retain consistency with our morphology parameter calculations on the same relative scale. The possible effects of aperture size are discussed in § 5.2. Table 1 . Low-z (0.02-0.3) cluster sample from the V09. (1) cluster name; (2) redshift; (3) total X-ray flux (0.5-2 keV); (4) total X-ray luminosity (0.5-2 keV); (5) average temperature in [0.15-1]R 500 annulus; (6) dynamical state (a) (according to the V09); (7) dynamical state (b) (combination of morphology parameters (see § 4.3)) (SR = strong relaxed, R = relaxed, NR = non-relaxed, SNR = strong non-relaxed); (8) We performed the Kolmogorov-Smirnov (K-S) test to investigate whether or not the relaxed and non relaxed cluster distributions are drawn from the same parent distribution. The results are given for each parameter in Table 3 , where a threshold of 1% means that the probability is < 0.01, implying a possible rejection of the null hypothesis. In the table we include the Wilcoxon rank sum (R-S) test which establishes the probability of whether the two samples with the null hypothesis have the same mean. A threshold of 0.1% implies that we reject the null hypothesis (that they have the same mean) if the probability is < 0.001. In addition, the mean and median values for all morphology parameters are supplied. From the statistical tests, we observed a significant separation between the two distributions (relaxed and nonrelaxed clusters) for the Gini, M 20 and Concentration, which rejects the null hypotheses that the two samples (relaxed and nonrelaxed clusters) are the same and they have the same mean values. The K-S and R-S probabilities are < 0.01 and 0.001, respectively, for the Smoothness parameter; but we observed a high Table 3 . Statistics for the subsample of relaxed (R) and non-relaxed (N-R) clusters, and the combined (C) cluster sample from the V09. mean median K-S probability R-S probability R N-R C R N-R C incidence of overlapping between relaxed and non-relaxed clusters for the Smoothness distribution. We found that the right side peak of non-relaxed clusters (dotted line) in the Smoothness distribution corresponds mainly to the high-z clusters which have low S/N compared with nearby clusters (which fall mainly on the left side). Further details concerning the Smoothness parameter is given in § 4.4. For the remaining parameters, we cannot reject the above null hypotheses, which means that Asymmetry, Gini of the second order moment and Ellipticity are not useful in separating relaxed and non-relaxed clusters.
Morphology parameter results

Distribution of morphology parameters
Parameter vs Parameter planes
Using combinations of morphology parameters we investigated relaxed vs non-relaxed clusters in the parameter-parameter plane to study the dynamical states of galaxy clusters and the correlation between each morphology parameter. In Fig. 3 we plotted our results in parameter-parameter planes. Three parameters, Gini, Concentration and M 20 , look particularly powerful after combining with other parameters to differentiate between nonrelaxed and relaxed clusters. Clusters with different dynamical states (as classified by the V09) occupy distinct regions in the parameter-parameter planes; for e.g., in the Concentration vs Asymmetry plot, all relaxed clusters occupy the upper region, while the lower region is occupied by non-relaxed clusters. In our analysis we did not observe any correlation between cluster dynamical states and Ellipticity or Asymmetry. As seen in Fig. 3 , galaxy clusters within our sample show a range of different morphologies and are not concentrated in particular positions of the parameter-parameter space. This is probably because of the hierarchical cluster formation process, indicating that clusters pass through multiple (merger) phases in their evolution. Each phase is dynamically important, and traces the cluster properties. This could help in the understanding of large and complex structure formations in the standard cosmological model.
We used the Spearman rank-order correlation coefficient, ρ, to quantify any correlation between parameter pairs. This resulted in a correlation coefficient between ranks of a group of individuals for a given pair of attributes. In order to calculate ρ, it is necessary to assign ranks (low to high or high to low) to a given set of variables, individually. The next step is to measure the deviation between the ranks of variable pairs, square this rank difference, and sum up. The value of the rank order correlation coefficient varies between -1 and 1. If the variables are anti-correlated then ρ falls between -1 and 0, while a value for ρ between 0 and 1 implies a positive correlation between given variables. ρ = 0 implies no correlation between variables. Table  4 ). The Concentration (Santos et al. 2008; Hudson et al. 2010; Cassano et al. 2010b ) is a useful parameter in separating nonrelaxed from relaxed clusters with almost all morphology parameters. Fig. 3 illustrates our plot of the C 5080 Concentration parameter. As seen in Fig. 3 , relaxed clusters occupy the upper left corner, while non-relaxed clusters occupy the bottom-right corner of the M 20 vs Gini and Concentration planes. In the Gini vs Concentration plane, relaxed clusters fall in the upper-right corner, while the bottom-left corner is occupied by non-relaxed clusters. In this study we found that the Gini coefficient was also useful in separating non-relaxed clusters from relaxed clusters when plotted against most other parameters. The Gini, Concentration and M 20 parameters are all inter-related as well (Table  4) ; and the Gini coefficient could be useful to use as a proxy of the Concentration for detecting substructure in high-z clusters. The advantage of using the Gini coefficient is that it is independent of the precise location of a galaxy cluster's centre. The Asymmetry parameter is correlated with Gini of the second order moment and Smoothness parameters Zhang et al. 2010; Rasia et al. 2012 ). We did not observe any correlation between the other six parameters and Ellipticity. In general, three parameters -Gini, M 20 and Concentration -are very promising tools in the morphological classification of clusters.
Despite this reasonable division between relaxed and nonrelaxed clusters, we observed an overlap between some clusters, such as A401, A3571, A1651, A3158, A3562, A576, A2063, ZwCl1215, A2657, A2589, A3391, 0355-3741, 1641+4001, 1120+4318, 1222+2709, 0328-2140 and 1357+6232. These are identified as relaxed clusters in the V09, but in our parameter space they fall into the non-relaxed region. A401 (Murgia et al. 2010 ) and A3562 (Venturi et al. 2003) host radio halos (indicating possible signature of merger, see § 6.4) which are clearly identified as non-relaxed clusters by our parameters (although they are classified as relaxed in the V09). Dupke et al. (2007) predicted a line of sight bullet-like cluster in A576, using a combination of Chandra and XMM observations. This gave us confidence that our parameter set provided a good indication of cluster dynamical states. The remaining clusters may be weak mergers (pre-or post-merger) or in intermediate state.
In cluster A85 (Kempner et al. 2002) , in addition to the main cool core cluster, two subclusters are visible, in the far South and NW, respectively. We calculated parameters for the main relaxed cluster, and found that it falls into the relaxed category, although very close to the boundary of the non-relaxed side, which could indicate a weak interaction between the subcluster and the main cool core cluster. Based on our measurements, we categorised most relaxed clusters by Concentration > 1.55 and M 20 < -2.0, while intermediate clusters were categorised by 1.0 < Concentration < 1.55 and -2.0 < M 20 < -1.4, and distorted and nonrelaxed clusters were categorised by Concentration < 1.0 and M 20 > -1.4. According to the Gini coefficient, most relaxed clusters have a Gini value > 0.65 and non-relaxed have Gini value < 0.40. We chose these boundaries based on visual identification of each cluster morphology (Fig. 3) . Mean and median values (Table 3) produce a significant overlap due to the presence of a large number of intermediate clusters in our sample.
Combination of morphology parameters
We decided to further classify dynamical states of each cluster based on the combination of Gini, M 20 and Concentration. In § 4.2, we defined three parameter boundaries. Based on the combination of these three parameters, we categorised the V09 sample of clusters into four stages -strong relaxed, relaxed, non-relaxed and strong non-relaxed clusters. We selected the following criteria for identifying the dynamical state of each cluster:
-If the Gini, M 20 and Concentration all indicate relaxed state, then the cluster will be "strong relaxed". -The intermediate state of clusters is further divided into two classes: if one or two parameters fall into the intermediate state and another is relaxed (or non-relaxed), then the cluster will be "relaxed (or non-relaxed)". -If all three parameters indicate a non-relaxed state, then the cluster will be "strong non-relaxed".
Based on these categories, in the entire V09 cluster sample, 8 (∼ 10%) clusters were strong relaxed, 11 (∼ 13%) were relaxed, 52 (∼ 62%) were non-relaxed, and 13 (∼ 15%) were strong non-relaxed. In the low-z sample, there were 7 (∼ 15%) strong relaxed, 6 (∼ 12.5%) relaxed, 29 (∼ 60%) non-relaxed, and 6 (∼ 12.5%) strong non-relaxed clusters. In the high-z sample, there were 1 (∼ 3%) strong relaxed, 5 (∼ 14%) relaxed, 23 (∼ 64%) non-relaxed, and 7 (∼ 19%) strong non-relaxed clusters. This could suggest that the highest fraction of clusters (in the V09 sample) are evolving or showing some substructure activity (particularly in the high-z sample) and that fewer clusters are fully evolved. Fig. 4 shows the 3-D plot of the Gini, M 20 and Concentration parameters. A combination of these three parameters classified galaxy clusters as strong relaxed (•), relaxed (⋄), non-relaxed (+) and strong non-relaxed clusters (×).
Smoothness and Asymmetry parameters
In this section we will test different possible smoothing and angular size issues relating to the Smoothness and Asymmetry parameters. Okabe et al. (2010) used a 2 ′ smoothing scale for calculating the fluctuation parameter. They, however, used it for R 500 radius and the data of XMM-Newton which has a large FOV compared with Chandra. We used 0.5 ′ (15 pix) and 1 ′ (30 pix) smoothing scales, σ, with initial 4 ′′ (2 pix) and 10 ′′ (5 pix) smoothing of input cluster images (which is sufficient to not washed out any underlying substructure features). Results are shown in Fig. 5 . We find that the different smoothing scales (σ) had little affect on the Smoothness parameter. In this analysis, we used a fixed angular size of 2 ′′ /pix to bin each cluster image and the same angular smoothing scale (σ) for low-and high-z clusters. This angular scaling could affect the Smoothness parameter. To overcome this, and instead of using a fixed angular size, we scaled each cluster image (of low-and highz) in terms of fixed physical size of 10 kpc/pix. We then used 50 and 150 kpc smoothing scales (σ) to smooth cluster images in order to calculate the Smoothness parameter. Both of these σ values were chosen based on the available aperture size (segmentation map) of cluster for which we calculated the Smoothness parameter. We also smoothed cluster input images with (1) 15 (1.5 pix) and (2) 30 (3 pix) kpc Gaussian kernel sizes (which is sufficient to not washed out any underlying substructure features). Fig. 6 gives the calculated smoothness parameter for fixed physical smoothing kernel size. The Smoothness parameter had barely changed from the previous results, and had still not separated the two classes of cluster, i.e. relaxed and non-relaxed. Furthermore, most clusters (mainly high-z) do not have ≫ 1 count in each (binned) pixel. So, in general, the Smoothness is not a good parameter for a large number of clusters in which each has a different exposure time. In § 5.3, further we show that the Smoothness parameter depends highly on S/N.
We also investigated the Asymmetry parameter using various smoothing Gaussian kernel sizes to smooth cluster input images. We rotated this smoothed image by 180
• , subtracted it from the input image, and normalised it. Our results for the fixed angular and physical scale cluster images are given in Fig. 7 . None of the results indicates the separation of relaxed and non-relaxed clusters. As for the Smoothness parameter, Asymmetry parameter is not useful because the S/N is inadequate in a given large sample of clusters (see § 5.3).
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Systematics
We investigated a number of possible systematic effects, discussed below, to study how robust these parameters are in various conditions.
Effect of point sources
In order to test the effect of point sources detected around cluster on the calculation of parameters, we calculated morphology parameters on (exposure corrected and smoothed) cluster images without removing any of the detected point source. We noticed that parameters are fairly robust against the inclusion (or exclusion) of point sources into the parameter calculation. Fig. 8 indicates how we plotted the offset for four parameters (Gini, M 20 , Concentration and Smoothness) calculated with and without point sources. As we observed, less offset between parameters (with or without point sources) suggests that they are quite robust. The Gini and M 20 , however, each show a small extended tail on the right hand side (Fig. 8 ). This result is obvious, because the Gini coefficient includes bright pixels from point sources in the calculation, and thus increases by a small value. In the case of the M 20 , if the point sources are very close to the centre, its value will decrease by a small factor.
Aperture size effect
Aperture radii have an important effect when measuring morphology parameters. We chose to use a fixed physical size radius rather than a fixed overdensity (R 500 ) radius, because it is difficult to measure R 500 accurately for non-relaxed clusters. Although a study of the possible bias effects of this choice goes beyond the purpose of this paper, we note that possible bias effects could be introduced when comparing clusters at the same redshift, but characterised by different luminosities (masses). The large variation in aperture size does affect the parameters because they are related to surface brightness. To check the effect of various aperture radii on the parameters, we chose a subsample that included both distant and nearby clusters and calculated the morphology parameters in the radius sequence of 100 kpc to 1 Mpc for distant clusters (z > 0.05), while 100 kpc to 500 kpc for nearby clusters (z < 0.05). Fig. 9 illustrates our result. In Fig. 9 , the distant clusters are plotted with a continuous line, while the nearby clusters are plotted with a dotted line. As per Fig. 9 , in the case of distant clusters, a few parameters (Asymmetry, Smoothness, G M , and Ellipticity) remain constant in spite of aperture size, while the Gini, M 20 and Concentration parameters are sensitive to the aperture radius within which they are calculated, while tending to be stable for aperture radii greater than 400 kpc. The Gini parameter increases with radius as more (faint) sky pixels are included in the extraction aperture. Parameter values for nearby clusters (in particular z < 0.05) are very sensitive to the chosen aperture size.
Exposure time effect
It is important to check the consistency of the parameters over different exposure times. Observations with a shorter exposure time are likely to have lower S/N. Consequently, we were able to check the robustness of the parameters for cluster images with lower S/N. However, to rescale the real data by exposure time and then add Poisson noise gives an image which has an excessive amount of Poisson noise, in addition to the intrinsic noise present in the real observation. The simplest solution is to simulate a cluster image with no intrinsic noise, rather than using real data. To achieve this, we needed to estimate the different complex characteristics of a model to simulate galaxy clusters. This task is considered difficult in the cases of non-relaxed and disturbed clusters. To overcome this problem, Hashimoto et al. (2007) suggested a novel technique for galaxy cluster simulations called "adaptive scalings", using real data and adding noise to the rescaled image. We refer the reader to Hashimoto et al. (2007) , for more details about this technique. An example of this adaptive method is given in Fig. 10 ; an example of the low exposure time effect on a cluster. Subsequently we calculated our morphology parameters for each short to long exposure cluster image. Fig. 11 shows how morphology parameters behave with different exposure lengths. We simulated a few original clusters with various exposure times, as described above, and recalculated the morphology parameters for each simulated cluster. As depicted in Fig. 11 , all parameters are robust against different exposure times, with the exception of the Smoothness parameter. We noted, however, that the Gini, Gini of the second order moment and Asymmetry were not reliable when exposure time was 5 ks. In the cases of the Gini and Gini of the second order moment, low exposure means low S/N, indicating that the Gini and Gini of the second order moment values are high for low exposure observations, although fairly consistent for exposure times 5 ks. For the short exposure times, there are few bright pixels within the given aperture radius (the rest are scattered to very low ∼ 0). In other words, low S/N causes broader flux distribution in the faintest pixels, resulting in strong variation in the flux distribution, for which we calculated the Gini coefficient; and hence the Gini coefficient gives a high value compared with the long exposure time. The value of the Smoothness decreases continuously with increasing exposure time. This is to be expected because, for high S/N and exposure time, the flux distribution in any given cluster image becomes smooth and less patchy. Care must therefore be taken when calculating the Smoothness parameter. We found that the Smoothness is weakly correlated with the Gini of the second order moment and Asymmetry parameters, yet it is not established whether we can use these latter parameters as a substitute for the Smoothness. The remainder of the parameters were relatively constant over different exposure lengths.
Redshift effect
It is hoped that these morphology parameters could be used to trace the evolution of galaxy clusters with redshifts. It is therefore important to understand the robustness as a function of redshift and, to this end, it is necessary to check the following criteria:
1. The effect of various angular bin sizes on morphology parameters. 2. The surface brightness dimming effect on morphology parameters.
We simulated several observations of galaxy clusters at a higher redshift (z 1 ) than its real redshift (z 0 ) using real data from our sample clusters. Again, we adopted the procedure describe by Hashimoto et al. (2007) .
In Fig. 12 we give an example of clusters simulated via the method described above that illustrates how a cluster appears at high redshift. Subsequent to the simulation, we calculated morphology parameters for each cluster redshift and plotted them (Fig. 13) . We simulated a few original clusters with various redshifts, using the method described above, and re-calculated morphology parameters for each simulated cluster. Fig. 13 illustrates that the Smoothness is systematically increased with redshift. The reason could be that high-z clusters are noisy and appear patchy. The Ellipticity parameter appears particularly noisy. Except for a few clusters, and after z 0.5, the Gini, M 20 , Concentration, Asymmetry and Gini of the second order moment parameters are fairly constant, and the systematics caused by redshifts are small.
Comparison of parameters with X-ray gas properties
We expect that the dynamical states of clusters to be influence by factors like merger histories, which in turn could influence a number of properties like luminosity, temperature structure, cooling flows etc. In order to test the potential of our parameters as probes of the physical conditions in clusters, we investigated the parameter correlations with source redshift, global X-ray properties, cooling times and the presence of diffuse radio continuum emission.
Redshift evolution
According to the concordance model, massive galaxy clusters start to form around z ∼ 1 and have continue to evolve up to the present epoch. To look into the evolutionary effect on the distribution of the parameters, we divided our entire sample into low-z (0.02-0.3) and high-z (0.3-0.9) clusters and classified the samples based on our morphology parameters. We also performed the K-S and R-S tests on each parameter distribution to observe the difference between the two redshift bins. Table 5 lists As seen in Table 5 , the K-S and R-S probabilities are < 1% and < 0.1%, respectively, for the Asymmetry and Smoothness parameters implying that we can reject both null hypotheses mentioned in § 4. Parameters mean of low-z mean of high-z median of low-z median of high-z K-S probability R-S probability ∼ 60% based on the M 20 , and ∼ 49% based on the Concentration parameter). Weak evolution is visible in the Gini and Gini of the second order moment, which indicates the possibility that high redshift clusters are more extended (which could mean that they do not have a density peak at the cluster centre) compared with those of low redshift. The M 20 , Concentration and Ellipticity do not show significant evolution. From our results, there is indication that relaxed clusters are more dominant within the low-z sample, which could indicate that, in the current epoch, clusters show less substructure and are (fully) evolved as compared to distant clusters, but these results are marginal.
X-ray luminosity, temperature and mass
We compared seven morphology parameters with three global cluster properties (luminosity, temperature and mass) taken from the V09 to search for any possible correlation of these global properties with cluster morphology. Fig. 15 shows a comparison, while Table 6 lists the Spearman coefficient values calculated for the clusters' global properties and galaxy cluster morphologies. Fig. 15 defines each clusters' dynamical state according to the combination of the Gini, M 20 and Concentration morphology parameters ( § 4.3) .
No obvious correlation between cluster morphology and Xray global properties was found during our analysis. This may be due to the fact that quantities such as X-ray luminosity and temperature are not solely related to the dynamical state of clusters (Hashimoto et al. 2007 ). These properties also de- pends strongly on cluster mass and on non-gravitational processes such as supernovae feedback, central AGN heating, etc. (Donnelly et al. 1999; Tozzi & Norman 2001; Neumann et al. 2003) . Buote & Tsai (1996) also compared their power ratio measurements for X-ray clusters with the ICM temperature and luminosity, without finding any strong correlation between subclustering and global X-ray properties. In agreement with our conclusion, they pointed out that this lack of correlation is reasonable, since power ratios are a measure of cluster evolution that do not take into account the cluster mass, to which all the other X-ray quantities (e.g. luminosity and temperature) are sensitive. We observed that all relaxed clusters occupy high Gini, low M 20 and high Concentration values in all three plots. We therefore concluded that, to identify the dynamical state of a galaxy cluster, X-ray global properties are not as useful as the surface brightness distribution or cluster morphology, quantifiable using morphology parameters.
6.3. X-ray cluster cooling time X-ray emission is considered to be the primary cooling process for the ICM. The cooling time is much shorter than the Hubble time at the centre of a cluster, allowing gas to cool from a high ICM temperature ∼ 10 8 K down to ∼ 10 7 K. Numerical simulations suggest that cluster mergers may disturb gas cooling (Ritchie & Thomas 2002; Burns et al. 2008; Hudson et al. 2010) . We aimed to investigate the relationship between the degree of substructure and cooling times or rates of a cluster. We used the cooling time information supplied by Hudson et al. (2010) . Table 7 lists the cooling time values for low-z clusters.
Of the relaxed systems (as identified by the V09), A3158, A3391, ZwCl1215, A3562 and A401 have relatively high cooling time values. These systems were classified as non-relaxed clusters by our combination of morphology parameters. In the non-relaxed sample (again from the V09), only three clusters -A3558, A1644, and A2065 have relatively short cooling times. The short cooling times may suggest that the cores of these clusters might not yet be disturbed by cluster merger. Rossetti et al. (2007) analysed the Chandra and XMM observations of A3558 and found that its cool core had survived a merger. The Chandra observations show bright cluster nuclei, which also supports this idea. Chatzikos et al. (2006) showed that A2065 is an unequal mass merger, which could be a reason behind the survival of one of its cool cores. According to the classical definition of a cooling flow, t cool < t age , where t age (age of galaxy cluster) ∼ 10 Gyr. We found the mean t cool value for strong relaxed clusters to be 0.44 Gyr, for relaxed clusters 0.64 Gyr, for non-relaxed clusters 4.72 Gyr, and for strong non-relaxed clusters 12.5 Gyr. This implies that the cooling mechanism is completely disturbed in strong non-relaxed clusters, while only ∼ 17% are completely disturbed among non-relaxed clusters (five non-relaxed clusters have t cool > t age ). Unfortunately, we did not have cooling time information for the high-z clusters in our sample.
The correlation of morphology parameters with cooling time is plotted in Fig. 16 for the Concentration, Gini and M 20 , respectively, on a log-log scale. Figs. 16a, 16b and 16c show that two of our parameters, the Concentration and Gini, are anti-correlated, while the M 20 is correlated with the cooling time of clusters. This indicates the possibility that surface brightness imaging data could be useful in deriving the cooling time information of A&A proofs: manuscript no. X-ray_cluster_morphology the central intracluster gas using simple morphology parameters. Table 8 lists the Spearman coefficient, ρ, between the Concentration, Gini and M 20 parameters and cluster cooling time.
In order to investigate linear fitting, we simply used the power-law model to establish a relationship between the morphology parameters and t cool (Fig. 16) . For all three parameters, compositely, we constituted t cool ∝ Conc 
Radio halo cluster dynamical states
Previous studies have shown the importance of joint X-ray and radio data to study the origin of non-thermal radio emission from galaxy clusters, in the form of a cluster wide radio halo which is generally situated at the cluster center (Feretti et al. 2012 , and references therein). Current results indicate the presence of diffuse intracluster radio sources only in dynamically disturbed clusters and it is expected that future radio-surveys will reveal diffuse radio emission from a large fraction of major and minor mergers (Cassano et al. 2010a ).
The relations between cluster properties derived from Xray observations (luminosity (L x ), temperature (T) and mass (M)) and radio halo luminosity have been widely studied in the last few years (Cassano et al. 2007; Giovannini et al. 2009; Brunetti et al. 2009; Venturi 2011; Cassano et al. 2011) . They all show a strong correlation between radio halo and X-ray emission in galaxy clusters. Buote (2001) , Schuecker et al. (2001) and Cassano et al. (2010b) showed a relation between nonthermal radio sources and X-ray cluster morphology. Buote (2001) noted the linear relation between radio power (P 1.4GHz ) and power ratio (P 1 /P 0 ) (Buote & Tsai 1995a , 1996 for ROSAT observed X-ray clusters. He concluded that approximately P 1.4GHz ∝ P 1 /P 0 , which means the clusters that host the powerful radio halos are experiencing the largest departures from a virialized state. Recently, Cassano et al. (2010b) used three parameters, namely centroid shift (Mohr et al. 1993; Poole et al. 2006; Maughan et al. 2008; Böhringer et al. 2010) , third order power ratio (P 3 /P 0 ) and Concentration (Santos et al. 2008 ) to demonstrate a relation between cluster mergers and the presence of a radio halo.
Since we have shown that our morphology parameters are useful to characterise the dynamical state of galaxy clusters, we investigate any possible correlation between our set of parameters and the presence of diffuse intracluster radio emission. We take 25 halo clusters from Giovannini et al. (2009) (as listed in Table 9 ) for which some of them are already present in the V09 cluster sample (A754, A2256, A401, A3562, A399, and A2163). We reduced the X-ray data of the sample of Giovannini et al. (2009) in a similar way to that described in § 3.2. We subsequently calculated the morphology parameters (Gini, M 20 and Concentration) for each cluster (see Table A .3).
A&A proofs: manuscript no. X-ray_cluster_morphology • = strong relaxed clusters; ♦ = relaxed clusters; + = non-relaxed clusters; and × = strong non-relaxed clusters. We plotted C 5080 as the Concentration parameter. We take all these global properties (luminosity, temperature and mass) values from the V09. In Fig. 17 we show that some parameters are useful for studying the dynamical state of radio halo clusters. In the bottom left and right plots, we can see that the radio halo clusters are separated from the relaxed clusters and overlap with non-relaxed clusters in M 20 and Gini vs. Concentration parameter planes, respectively (similar results were observed by Cassano et al. (2010b) , Buote (2001) ). In these plots, we can roughly separate relaxed and non-relaxed clusters based on M 20 and Concentration, where the region contained by M 20 < -2.0 and Concentration > 1.55 gives exclusively relaxed clusters. Based on the Gini and Concentration plot, all non-relaxed clusters have Gini < 0.65 and Concentration < 1.55. The upper left and right plots in Fig. 17 show M 20 vs. Temperature and Gini vs. Temperature, respectively. We subdivided the M 20 vs. Temperature plot into three regions: (1) the M 20 < -2.0 region has all dynamically relaxed clusters, (2) the M 20 > -2.0 and Temperature < 6 keV region has radio quiet merger clusters, and (3) the M 20 > -2.0 and Temperature > 6 keV region has radio loud merger clusters. Similarly, the Gini vs. Temperature plot has three regions defined as (1) the Gini > 0.65 region has only dynamically relaxed clusters, (2) the Gini < 0.65 and Temperature < 6 keV region has radio quiet merger clusters, and (3) the Gini < 0.65 and Temperature > 6 keV region has radio loud merger clusters.
Discussion and Conclusion
In this work we used a set of morphological parameters, among which some have to date been applied only to quantifying galaxy morphologies, to obtain constraints on the dynamical state of clusters. These parameters do not depend on any model parameter fits, such as the Beta model or power-law, and can therefore be applied to both disturbed and regular clusters. In principle, the Gini, Concentration and M 20 are promising for the detection of disturbances in clusters at any scale. In order to measure the Concentration, it was necessary to fix the cluster centre position (either optical position of the BCG, X-ray peak or barycen-A&A proofs: manuscript no. X-ray_cluster_morphology tre) and then define the inner and outer regions around the chosen centre. This is not always possible in many of the high-z (∼ 1) clusters due to low photon counts and distorted cluster morphology. In this work, we showed a tight correlation between the Concentration and the Gini coefficient for both the low-and high-z clusters. This suggested that the Gini coefficient could be used as a replacement for the Concentration mainly for high-z clusters. The chief benefit of using the Gini coefficient is that we do not need a well-defined cluster centre. It works well for low photon counts as well as accurately quantifying substructure. It is completely independent of cluster shape, it does not depend on any symmetry underlying the cluster, and is independent of the location of projected (bright) pixels (whether they be at the centre or the edge) in the given aperture.
The Gini coefficient was also correlated with the M 20 , which could suggest that, in a relaxed system, 20% of the X-ray flux is centrally located where the electron density is high, while this is not possible for distorted and non-relaxed clusters where mergers may change the cluster density distribution. Most relaxed and cool-core clusters have Gini > 0.65, which means that most of the flux comes from only a small number of bright pixels, mainly found at the cluster centre. Weak cool-core clusters were found between 0.4 < Gini < 0.65, and most disturbed clusters had Gini < 0.4. This is obvious because, in non-relaxed clusters, the X-ray emission (or bright pixels) is not compact but equally distributed in the given aperture radius which gives a low Gini value.
We found that, unlike the Gini, M 20 and Concentration parameters, the Smoothness and Asymmetry parameters did not show any reliable signs of being able to classify galaxy clusters based on their dynamical state. This was unexpected as these parameters trace the 2-D structure and should be sensitive to a range of substructure types. In addition, Rasia et al. (2012) found that the Smoothness & Asymmetry were promising as indicators to probe the presence of substructure. Rasia et al. (2012) , however, tested their parameters on simulated cluster data and all the simulations had a uniform exposure time. We found that the value of these two parameters largely depends on cluster exposure time or S/N ratio. We have also shown that, in clusters sample that have heterogeneous exposure times, as in our situation, the Asymmetry and Smoothness are not reliable parameters. Our sample does not have uniform exposure time for all clusters, which largely affects S/N and photon counts between clusters.
We did not find any relationship between the morphology parameters and X-ray global properties of galaxy clusters. This is most likely due to the fact that morphology parameters are estimated without regard for the mass of clusters, to which other quantities, such as X-ray luminosity and temperature, are instead related. The Gini, Concentration and M 20 appear to be correlated with the cooling time of clusters. X-ray imaging and surface brightness maps are therefore useful in investigating the cooling time of relaxed clusters.
The morphology parameters studied in this paper were robust in various physical or observational conditions (high redshift, low exposure, etc). They helped us to investigate, with sufficient accuracy, cluster morphology and dynamical state. We noticed, however, that the Gini, Gini of the second order moment and Asymmetry are fairly weak parameters at < 5 ks exposure Table 9 . Radio halo sample clusters. (1) cluster name; (2) redshift; (3) conversion factor (angular size to linear size); (4) radio flux density (1.4 GHz); (5) error in estimated radio flux density; (6) total radio power (1.4 GHz); (7) radio largest linear size; (8) total X-ray luminosity (0.1-2.4 keV); (9) Temperature (keV); (9) Exposure time; (10) References. We normalised H dependent quantities (LLS and L X ) with H 0 =73 km s time. The Smoothness parameter systematically decreases with increasing exposure time and is therefore not suitable when comparing objects with a range of redshifts and/or exposure times. The Concentration and M 20 are reasonably robust at low exposure times. Systematics associated with redshift effects are low, but some caution is required in the interpretation of the results based on simulated clusters. We concluded that the Concentration and M 20 are more robust than the other parameters. We also tested (Gini, M 20 and Concentration) parameters against different background level and found that these parameters are robust. We have taken 25 radio loud clusters, which are well-known non-relaxed clusters which host radio halos. Our morphology parameters are quite useful to study their dynamical activities. Based on Gini, M 20 and Concentration parameters and in agreement with previous results (Cassano et al. 2010b) , we find that only -but not all -merging systems host radio halos. We can approximately separate radio halo clusters from relaxed clusters in parameter space with Concentration < 1.5, M 20 > -2.0 and Gini < 0.65.
In conclusion, we have shown that the combination of Gini, Concentration and M 20 show good potential for identifying substructure and perturbed dynamical states. In future we will also investigate scaling relations between cluster mass and luminosity or temperature by dividing clusters based on parameter boundary values.
A&A proofs: manuscript no. X-ray_cluster_morphology A&A proofs: manuscript no. X-ray_cluster_morphology Table A .3. Three morphology parameters value of radio halo clusters, except for the V09 radio halo clusters (A754, A2256, A401, A3562, A399, and A2163). Values are listed with appropriate uncertainties of 1σ for each parameter.
